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CHAPTER 1

INTRODUCTION

1.1

Galaxy Clusters and Groups

Galaxies are the building blocks of our Universe. Galaxies reside in dark matter
halos that have already collapsed under their own gravity to be decoupled from the
expansion of the Universe. Galaxy clusters are the gravitationally bound structure of
hundreds or even thousands of galaxies. They are the largest virialized structure in
the Universe. Galaxy groups are less massive objects than galaxy clusters, typically
with tens of member galaxies. Galaxies, groups, and clusters are formed from large
gas clouds that underwent gravitational collapse which caused them to heat to high
temperatures. The gas in ordinary, isolated galaxies cooled quickly, but the gas in
more massive galaxies, and groups and clusters, remained hot and formed a quasihydrostatic atmosphere [7]. In optical wavelengths, galaxy groups and clusters appear
to have a lot of empty space between the galaxies, but X-ray observations reveal
that the seemingly empty space is filled with the intracluster medium (ICM) that is
essentially hot plasma emitting X-rays. Most of the mass (> 80%) in clusters comes
from dark matter instead of baryons. Of the remaining baryonic mass, only v 10%
1

shows in visible wavelengths due to stars; most of the baryonic matter is in the ICM
[15].

Galaxies have mass of ∼ 107 − 1012 M . Clusters of galaxies typically
have masses in the range of ∼ 1014 − 1015 M . Most of the baryonic matter in the
ICM consists of hydrogen and helium with some heavier metals mixed in, though
most of the heavier elements have abundances at ∼ 30% of the solar abundance. The
ICM typically has temperatures in the ∼ 106.5 − 108 K range, which translates to kT
energies of 1 − 10 keV.

Groups and clusters have a strong gravitational potential well that often
houses the most massive galaxy near the center. This first-ranked galaxy, also referred
to as brightest central galaxy (BCG) is a unique class of object. They are the most
luminous and massive galaxies in the Universe, being up to ten times brighter than
typical elliptical galaxies. They are also large with characteristic sizes of over 10s
of kiloparsecs. Most BCGs are central Dominant (cD) galaxies, characterised by an
extended “envelopes” or halo over hundreds of kiloparsecs. BCGs also likely host the
most massive supermassive black holes (SMBHs) in the universe, which was formed
accompanying the formation of BCGs and can inject a large amount of energy into
the surroundings to affect BCG evolution. BCGs are almost exclusively elliptical
galaxies.

2

Figure 1.1: RXC J0232.2-4420 (Left) as an example of galaxy clusters (HST image)
and NGC 5044 (Right) as an example of galaxy groups (credit: Mike Sidonio). Both
mark concentrations of galaxies in the 3D space with clusters having much more
members than groups.

1.2

X-ray Cool Core

The ICM is hot (T ∼ 106.5 − 108 K) and has a density of ∼ 10−5 − 10−1 cm−3 . At
these high temperatures, the gas is ionized so free electrons move and interact through
Coulomb collisions. This is seen as x-ray, bremsstrahlung – “braking,” or free-free –
radiation. As the ICM is optically thin (very low density), the X-ray photons will
escape and effectively remove energy from the system. Losing energy will lower the
temperature of the gas and subsequently the gas pressure. Since the ICM is in hydrostatic equilibrium (long age of the cluster compared with the dynamic time of the

3

cluster, e.g., the sound crossing time), there will be less pressure to hold up the weight
of the overlying gas, and material from the outer regions of the cluster would have
to fall inward. Without a source of heat to balance the radiation loss, a cooling flow
will develop which could deposit up to 1000 M yr−1 of the cooled gas at the center
of clusters. A mass deposition rate of this magnitude would trigger star formation
and increase the surface brightness of the BCG. However, a deposition rate this big
typically is not observed around BCGs. This is the cooling flow problem.

Figure 1.2: This figure depicts the x-ray surface brightness of two galaxy clusters.
Abell 478 (Left) as an example of a cool core cluster and the Coma cluster (Right) as
an example of a non-cool core cluster. [5]

4

Between a third and a half of galaxy clusters and groups have an x-ray
dense cool core centered on the BCG. As expected from the mass distribution of a
relaxed system, the ICM has the highest density in the center. Since the luminosity
is proportional to density squared, and the more emission, the more cooling, the
innermost region has a short radiative cooling time (tcool ). tcool is longer than the
free-fall time (tf f ) of the ICM, but much less than the age of the cluster (ta ). At
r ≤ 20 kpc, many clusters have tcool < 1 Gyr.

tcool ∝ n−1
e

1

tf f ∝ ρ− 2

The mass deposition rate caused by the cooling flow can be inferred by
the luminosity of the x-ray gas within the region rcool , where tcool = ta . The relation
is
Lcool =

5 Ṁ
kT
2 µmp

where µ is the mean mass per particle, k is the Boltzmann constant, T is temperature,
and Lcool is the luminosity within rcool . This is working under the assumption that
the luminosity is due to the thermal energy of the gas and the P dV work done on
the gas as it enters rcool ; also, rcool is determined by our estimate of the age of the
system, ta [7].

5

Since the most massive stars are blue, and we know that they only exist
for a short time, blue cores in BCGs are indicative of star formation. BCGs with a
blue core are only found in clusters with tcool . 5 × 108 yr [17].

Figure 1.3: An illustrative phase diagram for multi-phase medium detected in an
X-ray cool core. Temperature and density ranges based on [9],[10], assuming isobaric
conditions (dashed line).

1.3

AGN Feedback

6

Since the observed mass deposition rate is a couple of orders of magnitude less
than the predicted value, there must be some form of heating to balance cooling.
The most likely heat source is that of active galactic nuclei (AGN) feedback. AGN
are powered by the SMBH in the center of galaxies and are likely triggered by large
amounts of accretion. AGN tend to have a cyclical nature and over time will turn
on and off several times. The basic cycle goes as follows: the cooling flow causes
thermal instabilities to develop inside the cool core. From these thermal instabilities,
cold clouds and filaments form. The clouds, through collisions and tidal forces, lose
angular momentum and fall towards the SMBH; this increases the accretion rate.
This accretion is chaotic cold accretion, which has a higher mass deposition rate than
typical hot, Bondi (or spherical) accretion. The increased accretion rate powers the
AGN, which starts the heating process. The AGN heating disrupts the chaotic cold
accretion so that only the hot gas is powering the SMBH. With the accretion rate
diminished, the AGN is weakened and cooling starts forming thermal instabilities
again. Such is the cycle of life for an AGN in a BCG embedded in a cool core.

7

Figure 1.4: This multi-wavelength image combines X-ray (Blue) and radio(Red)
emissions superimposed onto the visible image.

Radio AGN are more likely to be found in massive early-type galaxies
which make up the bulk of the population in clusters and the high end of the galaxy
luminosity function. The relativistic jets stemming from the AGN will interact and
sweep away the x-ray gas creating cavities that can be seen in Fig..

1.3.1

Accretion Methods

Accretion onto a compact object, especially a SMBH, is an immense form of
energy. Consider that Enuc = 0.007mc2 is the energy released from hydrogen fusion.
8

The energy supplied from gravitational collapse (i.e. accretion) is

Eacc =

GM m
Rsch 2
=
mc
R
2R

. By comparing Enuc and Eacc , we find
where the Scharzchild radius Rsch = 2 GM
c2
that if R . 70Rsch (which is definitely the case for a SMBH, where R < Rsch ), then
accretion is even more energetic than fusion. AGN release, and therefore require,
huge amounts of energy – accretion provides this energy. There are two main types
of accretion that will be discussed here: Bondi accretion and chaotic cold accretion.

Bondi accretion, first studied by Hermann Bondi, Fred Hoyle, and Raymond Lyttleton, is the description of accretion onto an object in a gas cloud with
steady, spherically symmetric motion. The Bondi accretion rate is

Ṁ = 2πα(GM )2 v −3 ρ∞

where α is a constant between 1 and 2, v is the relative velocity of the star through
the gas cloud, and ρ∞ is the density of the cloud at large distances [3].

Bondi accretion may be sufficient to power the AGN feedback in giant
elliptical galaxies [1], but for more powerful AGN, it is not. Chaotic cold accretion
(CCA) has been suggested as another source of power for the strongest AGN (like
those seen in group’s and cluster’s BCGs) [11]. This form of accretion, as mentioned

9

in the previous section, is due to the thermal instabilities that allow cold clouds and
filaments to form. As these clouds lose angular momentum, whether from collisions or
tidal forces, the gas falls toward the SMBH. CCA is triggered when the cooling of the
gas dominates the heating (typically tcool /tf f ≤ 10). The accelerated accretion then
causes the AGN to inject more energy into the surroundings, heating the material
and reducing the chaotic cold accretion.

1.4

Optical Emission-Line Nebulae

X-ray cool cores are home to the phenomenon of optical emission-line nebulae.
The local thermal instabilities of the cooling flow allow the hot X-ray gas to cool
and condense into multiphase gas filaments. Numerical simulations suggest that the
condition for this precipitation is tcool /tf f ≤ 10 [14], [19]. These filaments resemble
the filaments found in distant radio and proto-galaxies so the origin of these filaments
could also be an important key of galaxy formation. In some cool cores, this multiphase gas is also accompanied by young star clusters, though the total mass of young
star clusters is much lower than expected if there was no heating present.

Hα is a good tracer for the warm gas (v 104 K) in cool cores. This gas
must go through ionization and recombination in order to emit Hα. As the ions and
electrons recombine, the electrons will eventually cascade to the ground state (n=1).
If, in the process, a transition from n=3 to n=2 occurs, an Hα photon (6563 Å) will
be emitted. In spiral galaxies, Hα is often seen in star forming regions because the
10

young stars will photoionize the surrounding gas. In elliptical galaxies however, there
are very few young stars, so this is unlikely to be the source of Hα in cool cores.
The source of ionization to keep the nebula emitting Hα could be in the form of
heat conduction, cosmic rays, or magnetic fields. Ferland et al. [9], [10] compared
non-radiative heating via cosmic rays and dissipative magnetohydrodynamics (MHD)
waves. Based on optical and IR data, they concluded that CR heating is more favored.

The warm, Hα-emitting gas lies between the hot and cold gas as a temperature gradient is likely to form in the cooling multiphase gas. As such, the Hα
emission can be used to effectively trace both cold molecular gas, and the hot plasma.
The filaments in the optical emission-line nebulae usually have low-ionization spectra
with a high [NII]λ6584 / Hα ratio and a strong [OI]λ6300 line.

Some BCGs of groups and clusters with cool cores have spectacular optical
emission line nebulae. A few examples of this are NGC 4696, M87, NGC 1275 (Fig.
) and IC 1262 (Fig. ).

11

Figure 1.5: (Left) A few example of optical emission line nebulae with the continuum
subtracted from the Hα. (Right) HST images of the same galaxies, though the scales
are different.
(Top) NGC 4696 [8]; (Middle) M87 [4]; (Bottom) NGC 1275 [6]

12

CHAPTER 2

OVERVIEW OF PROJECT AND SAMPLE

The project I work for my MS thesis is a key component of a large project
led by my advisor Dr. Sun. The project focuses on a large sample of local giant
elliptical galaxies, almost all as the BCG of galaxy groups and clusters. The parent
sample of the local giant galaxies is a clearly defined and essentially complete sample
of 401 nearby early-type galaxies, originally defined by Beuing et al. (1999) [2] and
later refined by O’Sullivan et al. (2001) [16]. We used the following selection criteria:
LB > 1010.4 LB, and LX > 1041 erg/s. As there are few radio luminous galaxies in the
O’Sullivan et al. (2001) [16]sample, we added some nearby galaxies associated with
strong radio AGN. Our X-ray analysis requires sufficient counts so we have examined
all the available Chandra data. We require a minimal 0.5 - 2 keV source counts of
300 within 5 kpc radius, point source and background excluded (“F” sample). Most
galaxies are much brighter so the “B” sample is also defined (> 1000 counts). From
our past experience on coronae (Sun et al. 2005a, b) [22][23], temperature can be
measured in at least two radial bins for “F” targets and at least five radial bins
for “B” targets, for the low gas temperature (∼ 1 keV) and the little background
contribution. This is sufficient to derive gas cooling and total mass profiles

13

(see Sun 2009; Sun et al. 2009) [21][24]. The final sample has 96 galaxies at z = 0 0.038 (Table 1, a median z of 0.0149, 75 in the “B” sample), hosting radio AGN with
activities across a large range (Fig. 2). It is based on Chandra archive but is large
enough to be a representative sample of local cool cores of low-mass halos.
Dr. Sun started a campaign from 2009 to collect Hα data for all the galaxies in
the sample, with the APO-3.5m telescope in the north (31.8 deg N) and the SOAR4.1m telescope in the south (30.2 deg S). Together they cover the whole sky. We
already have Hα imaging or spectroscopic data (or both) for over 90 galaxies, from
our own effort and combining with ESO archival data from MUSE and VIMOS. While
most galaxies in the sample are weak Hα emitters, it is intriguing that they generally
host strong X-ray cool cores. More optical analysis is required for the low-EW sources.
The spectroscopic data also allow constraints on the [NII]/Hα ratio. Eleven galaxies
also have the CALIFA IFU data (Sánchez et al. 2012) [18]. Besides the Hα data, 75
of 96 galaxies have FIR data from Herschel , or Spitzer , or (Table 1). The FIR data
are generally photometric, but there are also FIR line data from Herschel PACS (e.g.,
for [CII]) and MIR line data from Spitzer IRS. The FIR luminosity correlates with
the CO luminosity well (Solomon & Vanden Bout 2005) [20] so it is a good tracer of
cold gas. This large sample of nearby giant galaxies with luminous X-ray cool cores
allows us to address the significant questions raised early.
The main purpose with the APO and SOAR observations is to select high-EW
systems. Low-EW systems would require IFU data but the narrow-band imaging and
long-slit spectroscopic data provide the key starting point. My MS thesis focuses on
the APO and SOAR data of 80 galaxies. The analysis of the IFU data is beyond the
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scope of my thesis (in fact the focus of Dr. Sun’s own work with one of his postdocs,
Dr. Luo).
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CHAPTER 3

DATA REDUCTION

Data were taken over several years using different instruments and optical telescopes to collect the imaging and/or spectroscopic data of giant elliptical
galaxies from our sample. Imaging data were taken by the Apache Point Observatory
(APO) 3.5 meter telescope, the Southern Astrophysical Research (SOAR) 4.1 meter
telescope, and the Hubble Space Telescope (HST). Spectroscopic data were obtained
from the APO and the SOAR.

The imaging data from the APO were taken using the Seaver Prototype
Imaging Camera (SPIcam), “a general purpose, visible-wavelength, direct imaging
CCD camera.” The spectral data from the APO were taken using the Dual Imaging
Spectrograph (DIS), “a medium dispersion spectrograph (resolving power 1000-7000)
with separate red and blue channels.” The imaging data from the SOAR were taken
using the SOAR Optical Imager (SOI), “a bent-Cassegrain mounted imager using a
mini-mosaic of two E2V 2k x 4k CCDs.” The imaging data from the HST were taken
using the Wide Field Camera 3 (WFC3), which has two channels: the Ultraviolet-
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Visible (UVIS) channel, and the Infrared (IR) channel; the UVIS was used for our
data, and it, like SOI, “employs a mosaic of two 4096 x 2051 E2V CCDs.”

3.1

Imaging Analysis

Narrow-band imaging data can provide insights into the brightness of emission
lines in the particular narrow band. Hα is emitted at a single wavelength, so using
a narrow-band filter to block the other wavelengths can reveal details that are not
seen in broad-band imaging. Hα is emitted at 6563Å, but due to the redshift of the
galaxies observed, the filter used for the on-band is at a longer wavelength which can
be determined with the formula,

Filter Central Wavelength = 6563 × (1 + z)

The width of narrow-band filters is typically around 70Å. The off-band will capture the continuum emission and we typically use a lower wavelength filter (v 100 Å
difference). See tables and for more details.

Imaging data were taken from multiple telescopes with different instrument configurations, but the process for data reduction is essentially the same, though
the order the steps are completed, as well as the specific programs and parameters,
are slightly different for different telescopes/instruments.
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The general steps to be completed are

1. Calibration data
When the science data are collected, certain calibration data should also be
collected. The calibration data (discussed in more detail in section ) will typically consist of bias frames, flat frames, and standard star calibration. These
calibration data are applied to the science data.
2. Trimming images
Often the filters used during the observation will not cover the entire CCD so
the resulting data will be vignetted. The outer region should be trimmed so
that this artifact does not interfere with the algorithms for reducing the data.
3. Cosmic ray removal
Once calibrated and trimmed, the data will contain many cosmic rays that
should be removed. Since cosmic rays hitting the CCD are a totally random
occurrence, it is highly unlikely that any two frames will have cosmic rays appearing in the same location. When many frames are available for a given target,
it is possible to compare the frames to determine the uncommon sources and remove them (e.g., with a median filter). Other algorithms (such as L.A.Cosmic
and deepCR) have been developed to detect cosmic rays if only 1 - 2 image
frames were available.
4. Astrometry correction
The astrometry is a precise positional measurement of celestial objects. Many
18

stars have been cataloged so that their exact position is known. The most
common system used in astronomy is the world coordinate system (WCS), particularly the J2000. It is extremely important to make sure that all scientific
data has accurate astrometry so that they can be properly aligned with other
images.
5. Stacking images
When multiple frames are available, they should be stacked into a composite
image consisting of all the data taken through the same filter. By adding all of
the frames together, the total exposure time is increased and the S/N is also
improved. There are many programs designed to combine images, but it is
also important that once the composite image for one filter is generated, it also
aligns with other composite images from different filters.

3.1.1

Calibration data

Bias data are important to determine the inherent bias of the CCD. Bias frames
are taken zero exposure where just a constant voltage is applied. The bias will be
present in every frame taken with the CCD so it should be subtracted from all frames,
including the flat frames.

The telescope optics will not distribute light evenly across the focal plane
and the entire CCD. Different pixels of the CCD also have different response. Flat
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frames allow the user to adjust and “flatten” the distribution. Specs of dust and other
minor imperfections on the filters will also be corrected with the flat frames. The flat
frames for each filter will be different – each filter will have its own flat frames. The
flats for each filter should have the bias subtracted. The flats can then be combined
and applied to the science data.

Modern CCDs are cooled with negligible dark currents so no dark frames
were ever collected.

“Standard” stars have a constant and well measured optical spectrum.
Their data are recorded on the standard star database. This is especially important
for quantifying the flux and energy of other objects. Since the flux of the standard
star is known, we can determine the “observed” flux from our data and compare it
to the “known” flux to find a scaling factor. This factor should be the same for all
data, so by applying it to other targets, we can find the total flux of them.

3.1.2

Difference between APO and SOAR

There are a few key difference in the data obtained from the APO and SOAR
telescopes that will be discussed here. First, the SOAR telescope has a larger field of
view than the APO and typically has better seeing (see fig. ). Another key difference
is the camera used on each telescope. APO’s SPIcam has a single CCD chip so a
single image is produced; the SOAR Optical Imager (SOI) has two CCD chips which
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produce two images that must be combined. Once combined, the SOAR image will
have a “chip gap” (see Fig. ) because the two chips have some physical separation.
This chip gap is the main reason that APO and SOAR images must be processed
differently. Both images should have the calibration (bias and flat) data applied and
then be trimmed. After trimming, however, the processes will diverge.

Figure 3.1: Histogram of the seeing from all APO and SOAR imaging data, with
the vertical lines showing the median seeing for each telescope. SOAR usually has a
better seeing than APO as seeing at APO can be bad at times.

For the APO data, I removed the cosmic rays using L.A.Cosmic on each
frame. Next I corrected the astrometry and combined the images by their WCS. For
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SOAR data, the cosmic rays cannot yet be removed with L.A.Cosmic because of the
chip gap. I first had to correct the astrometry and create a bad pixel mask around
the chip gap and any other bad pixels; then I combined the images. For each frame,
the telescope had to be re-positioned slightly so that the chip gap never appeared
in the same location. This allowed the images to overlap the chip gap so that, once
combined, there was always some data to fill in the gaps. Ideally, this would entirely
remove the chip gap, but in practice there was usually some faint artifact left over.
Once a composite image was created for each filter, I was able to run L.A.Cosmic to
remove the cosmic rays.

3.1.3

Creating the Net Hα Image

Since the Hα image will also capture some of the continuum, it is necessary to
subtract the continuum to obtain just the net or excess Hα emission. During our
observations, we recorded data from the Hα-off filter for the continuum subtraction.
The idea behind generating a Hα net image is simple – just subtract the continuum
from the Hα image. There are some nuance to be considered, however. The brightness
of the Hα image will often be different than that of the continuum image, therefore,
the continuum image must be rescaled to avoid over-/under- subtraction. There are
two methods to find the rescaling factor: using the stars available in the frame, and
nulling the outskirts of the galaxy.
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To use the star method, there must be several non-saturated stars in the
field of view. The field of view is 4.78 arcminutes square from APO’s SPIcam, and 5.26
arcminutes square from SOAR’s SOI before trimming the vignetted regions. With
this limited FOV, it can be a challenge to find enough stars to sample. Assuming
there are sufficient stars, the total flux of each star should be compared for the Hα
and the continuum images. The median of the

ON
OFF

ratios for all stars will serve as

the rescaling factor.

The second method is useful due to the fact that in most elliptical galaxies
– not the case for spirals – the outskirts are relatively free of Hα emission. By
examining the same region of the outer galaxy in both the Hα and the continuum
and taking a ratio, a rescaling factor may be inferred. I used a script that created a
region in the nucleus and found the flux, then created a slightly larger region with the
previous region excluded. The script would continue creating regions and recording
the flux at that radius until it reached the edge of the galaxy. Then by plotting the
ratio of

ON
OFF

vs radius, the values tend to flatten at higher radii (see Fig. ). The ratio

at which the plot levels out can be used as the rescaling factor.

Once a rescaling factor has been determined, the continuum image should
be rescaled by multiplying the image by that value. Then using IRAF or some other
program, the rescaled continuum should be subtracted from the Hα image. The
resulting image will only contain the net Hα emission.
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Figure 3.2: An example of the ON/OFF ratio for a galaxy to determine the rescaling
factor to create an Hα net image.

3.2

Spectral Analysis

The spectra taken with DIS were 2-D spectra; a long, thin slit extended across
the galaxy so there was only one spatial axis (the length of the slit – the width of the
slit being narrow and not contributing a spatial part) and the wavelength axis. The
continuum appears from the nucleus and the y-axis is the spatial axis (see Fig. and
).
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Much like the imaging data discussed above, the spectral data must also
be calibrated and corrected for bias and flat frames, but also has “wave” or “arc”
data that must be used for further calibration. This new form of calibration data is
a wavelength calibration, and contains the spectrum of three pairs of helium, neon,
and argon arc lamps. Since the wavelengths of these spectral lines are well known,
they allow us to correct the wavelengths of our spectra.

Figure 3.3: An example of a 2-D spectrum from IC1262. The x-axis is the wavelength; the y-axis is spatial. The three arrows mark the two [NII] lines (outer) and
the Hα line (middle). The other lines that extend vertically are sky lines from the
Earth atmosphere.
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Figure 3.4: An assortment of data types for the spectra taken of NGC 5353 depicting the orientation of the slit across the galaxy, the 2-D spectra produced, and the
extracted 1-D spectra with the [NII] and Hα marked (with the rest-frame wavelength).

As with the imaging data, IRAF was utilized to reduce the spectra, specifically the packages “twodspec” (2-D spectra) and “apextract/apall” (aperture extraction). To begin, the raw data will have the sky lines and the arc lamp lines curved
and distorted; this must be corrected. After applying the bias and flat corrections
and removing the CRs, the wave/arc files should be combined. From the twodspec
package, the functions identify, reidentify, fitcoords and transform will be used in
that order.
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The function identify allows the user to identify the emission lines from the
arc lamps and enter the known wavelength for each line. Reidentify will examine/fit
every 10 lines in columns and return the RMS of the fit. If the RMS is reasonable,
it can proceed to the next set of lines. Fitcoords will search for a surface to define
the wavelength as a function of x and y, and finally, transform will use this function
to fit the data accordingly. The result is a new wave/arc image with straight sky
lines. The function defined in fitcoords is saved in a logfile so that it can be used to
transform the science data.

Once the science data has been transformed with the fitting function, it
is still a 2-D spectrum (like Fig. ). To get it to the form of a classic 1-D spectrum,
it must be extracted; for this we use apall in the apextract package. This will result
in a new file in the format of “ ms.fits” that can now be viewed as a 1-D spectrum
(see Fig. ). This spectrum will have units of “counts,” and is not quite ready to
be used. If the skies were photometric when the observations were made, and if a
standard star was also observed, the extracted spectrum can be calibrated against the
standard star to get it in units of flux density. To perform the photometry calibration,
the standard star spectrum must be extracted and have the procedure laid out from
Massey, Valdes, and Barnes [13]. The tasks to be performed are setairmass, standard,
sensfunc, and calibrate. The sensfunc task will create a sensitivity function for the
standard star to match it to the known spectra of the star. Once the standard star
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has been calibrated, the calibrate task can be applied to all other objects, which will
apply the sensitivity function to the other objects.

Figure 3.5: An example of an 1-D spectrum of NGC 1060 along the major axis, cali−1

brated on wavelength and flux. The vertical axis shows flux density (erg cm−2 s−1 Å )
and the horizontal axis is wavelength λ (Å). Several strong stellar absorption lines
are significant, e.g., Na D at ∼ 6000Å, ArIII at ∼ 7300Å and CaII lines from ∼ 8700Å
to ∼ 8800Å.
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CHAPTER 4

EXAMPLES OF EXTENDED Hα NEBULAE

In this chapter, I present some examples of high-EW emission-line nebulae
detected from my work. many of them are new and have been or will be the subject
of more in-depth studies.

4.1

3C 88

3C 88 (UGC 02748) is a giant elliptical galaxy that is the BCG of its own group.
Optically, it is classified as a Low-Ionization Nuclear Emission-line Region (LINER)
that contains a low-power AGN [12]. 3C 88 is located in the constellation Taurus at
z=0.0302. The designation “3C” is the third Cambridge catalog of radio-loud sources
at 158 MHz that began from radio surveys conducted in the late 1950s. It is a very
strong radio AGN.
The radio-loud galaxy 3C 88 has been observed across multiple wavelengths to host an AGN. Imaging data taken from the APO and reduced by the standard method discussed in Chapter clearly shows a bright nucleus in the Hα+[NII]
wavelengths. Also visible northeast of the nucleus is a compact knot of gas with
high Hα+[NII] emission (see Fig. ). A faint filament to the north of this knot is
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also visible; all of these features have recently been confirmed with ESO’s Multi Unit
Spectroscopic Explorer (MUSE) on the Very Large Telescope (VLT).
Observing the optical wavelengths gives an idea of some key properties of
this galaxy. Since the Hα emission comes from warm gas which traces the hot and cold
gas, the Hα emission in the nucleus is indicative of a cooling flow. The cooling time
and free-fall time were calculated as a function of radius. The ratio tcool /tf f in the
innermost region of 3C 88 was above the threshold for the precipitation condition (see
section ) [12]. With this high tcool /tf f ratio, there is likely to be thermal instabilities
present in the center of 3C 88 which is a key component of chaotic cold accretion.

Figure 4.1: The APO images of 3C 88 taken on 2009-12-16: Off, On and net Hα

Other wavelengths, particularly X-ray and radio, have also been used to
observe the properties of this group. As seen in fig. , X-ray cavities have developed,
likely due to the relativistic jet from the AGN sweeping away the X-ray gas. However,
the radio jet axis and the X-ray cavity on the eastern side, do not align; this, along
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with the estimated age of the cavity, suggest that jet reorientation has occurred in
the last tens of millions of years [12].

Figure 4.2: X-ray image from Chandra overlaid with contours of the radio images
from the VLA at 1.4 GHz, showing the radio lobes created from the AGN jets interacted with the ICM to create X-ray cavities on the east and west of the nucleus. See
paper [12], Figure 2 for more information.
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Figure 4.3: Optical continuum and net Hα images from APO overlaid with the same
radio contours as Fig. . The compact Hα knot and the weak filament are shown with
the blue arrows. Also appeared in paper [12], Figure 8.

My work on the APO data contributes to the optical part of the paper so I
am a co-author of the paper. The main results of the paper include (see paper [12]
for more detail):

• Optical observations of 3C 88 reveal optical emission-line nebulae near the center, in a compact knot to the northeast, and in a filament to the north. These
nebulae consist of warm gas and imply that thermal instabilities have allowed
for precipitation to form and fuel the chaotic cold accretion.
• Radio observations of 3C 88 reveal that the AGN has been actively feeding
radio jets. These jets have interacted with the ICM to create X-ray cavities.
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• X-ray observations of 3C 88 reveal that the cavities are not aligned with the
radio jets. This indicates that the jets have likely reoriented recently. Based on
the age of the cavities, calculated by the size and the terminal velocity, the jet
reorientation occured in the last v 107 years.

4.2

IC 1262

IC 1262 is another giant elliptical galaxy that is the BCG of its group. It is located
in the constellation Hercules at z=0.03265. This galaxy also shows many excess Hα
features, most prominently, the extended Hα filament N/NW of the nucleus. Multiple
observations were taken with at the APO over many years (see Table: ). The following
figures show some of the best data acquired from these observations. See Fig. for a
2D spectrum of IC 1262.
My advisor Dr. Sun is working on a paper on the emission-line nebula and
AGN feedback in IC 1262 and I will be a co-author of the paper. The emission-line
nebula in IC 1262 is the most extended one ever observed in local giant elliptical
galaxies but mysteriously there is no emission-line nebula observed to the south of
the galaxy.
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Figure 4.4: Left: the net Hα image of IC 1262. The small red circle shows the
location of the nucleus. The Hα emission is only detected to the north of the galaxy
and extended to at least 60 kpc from the nucleus. The brightest Hα emission also
corresponds to soft X-ray enhancement from Chandra likely related to cold gas lifted
by the radio AGN in the past. Right: The Hαoff image of IC 1262 showing a normal
elliptical galaxy.

4.3

NGC 4936

We also detected an extended emission-line nebula from NGC 4936, the central galaxy
of a local galaxy group. My advisor Dr. Sun will also propose for ALMA observations
of this galaxy for a multi-wavelength study.
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Figure 4.5: The net Hα and off images of NGC 4936 from SOAR, An extended
emission-line nebula is detected around the nucleus.

4.4

NGC 6861

NGC 6861 is not an elliptical galaxy, but rather, a lenticular galaxy. It is a
disk galaxy much like spiral galaxies with a central bulge but lenticulars do not have
spiral arms. In Hubble’s classification of galaxies, lenticular galaxies are classified
as S0, lying between the elliptical and spiral galaxies (see Fig ). NGC 6861 is also
the central galaxy of its own group. With the nearby NGC 6868 group, they form a
double galaxy group system probably in the process of a future merger.
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Figure 4.6: NGC 6861 – Left to Right: Hα-off(continuum); Hα-excess; Soft X-ray
(0.5-2.0 keV); Hard X-ray (2.0-8.0 keV)

The above figure shows that the concentration of Hα emission tends to follow
the continuum. This is caused by the rotation of the galaxy – rotation is typically
not seen in elliptical galaxies, but it is very common in spiral galaxies. The nucleus
is clearly seen to be active in Hα and both soft and hard x-ray wavelengths.
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Figure 4.7: Full color image of NGC 6861 from HST (Credit: ESA/Hubble and
NASA)

4.5

NGC 5044

NGC 5044 is another giant galaxy at a redshift of z = 0.00928. It is the BCG
of the X-ray brightest galaxy group in our sample due to its close proximity. It is
also the brightest and closest optical emission-line nebula in our sample. Chandra
has revealed a disturbed X-ray cool core with cavities and X-ray filaments. Herschel
data has revealed that NGC 5044 has the second brightest [CII] emission in the
FIR, only after NGC 1275 (Perseus’ BCG). NGC 5044 also has extensive, bright Hα
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filaments. These filaments likely condensed out of the ICM along the overdensities
that were created by turbulence. The optical emission-line nebulae cooled from the
thermal instabilities in the cool core and trace the warm gas that marks cold gas.
Data from the HST was obtained in 2018 (PI: Sun), in three filters: F300X, F665N,
and F814W. The HST data of NGC 5044 is an important component of the multiwavelength studies of this galaxy. My advisor and his collaborators have collected
Chandra, VLT/MUSE, ALMA and radio data of the galaxy. Dr. Sun is also working
on a paper to present the HST data and I will be a co-author of the paper.
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Figure 4.8: The aligned optical continuum, net Hα+[NII] and the soft X-ray (0.5
- 2 keV) images of NGC 5044, the BCG of the X-ray brightest galaxy group in the
sky. NGC 5044 appears like a normal elliptical galaxy in the optical continuum but
hosts some spectacular optical emission-line filaments, mostly radially oriented. The
optical images were taken with the 4.1m SOAR telescope under a seeing condition
of ∼ 100 . These filaments have high equivalent widths so they are significant even
without the continuum subtraction. Contours of the central Hα+[NII] emission core
are also shown. The X-ray cool core has a lot of structure, including cavities, shocks
and cold fronts, which should be produced by repeated AGN outbursts (David et al.
2009, 2011, 2017). The optical filaments are likely condensed out of the ICM following
the local turbulent field. They are markers of the cold gas (presumably molecular
gas) and the AGN feedback process. Our ALMA cy0 observation has revealed 24
giant molecular associations (marked by the red circles) with a total mass of 5.1×107
M (David et al. 2014). A deeper ALMA observation (7.5h) was approved in cy4
at a higher angular resolution that should resolve many more molecular structure in
NGC 5044 (with my advisor Dr. Sun as a39key co-I).

4.5.1

Data Reduction Technique

When the HST data of NGC5044 were downloaded, they had already been corrected for charge transfer efficiency (CTE) and were in the flc format. This format
consists of two individual chips that must be combined into a single image through a
process known as “drizzling.” There is a gap between the two chips that contains no
data; multiple observations must be taken of the same object through the same filter
with a small offset of position so that this gap is covered.

The software required for drizzling images is drizzlepac, and is included in
the AstroConda download. Before drizzling, the data must have a reference to align
the frames correctly; this is done with the drizzlepac function “tweakreg.” Tweakreg
corrects the astrometry of the data so that they may be combined using the WCS
as the reference. Now the data may be drizzled using the drizzlepac function “astrodrizzle.” Once drizzled, the data is labeled in the drc format, which is a single
composite image.

There are many more cosmic rays in the HST data than in ground telescope data; at some point, they must be removed from the data. The program AstroScrappy can be used on the drc images. It uses catalogs created by SExtractor to find
the sources that are common between the different filters and then generates a region
file of the uncommon sources. This region file can be converted to pixel mask (.fits
or .pl) file and ran through IRAF’s “crfix” function. After running crfix, the header
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extensions will be deleted and must be corrected before continuing; AstroScrappy
provides a function to copy the original header to the new, cosmic-ray-corrected file.
This method of using the uncommon sources has some flaws; for instance, SExtractor
doesn’t detect sources that are near the bright galaxy core. Also some sources do
not emit strongly in all wavelengths so some filters may not have the same stars and
sources as other filters; this causes AstroScrappy to mark real sources as cosmic rays.

Another option for removing the cosmic rays in HST data is to use the
program deepCR. This program uses deep learning to identify cosmic rays and can
generate new, cleaned images. The only downside to using this program is that the
input files must be flc (not drizzled) images. This requires that the user run the
program on all flc images, not just a single image. After running all flc images
through deepCR, they can be drizzled into a composite image as normal.

Once a drizzled image free of cosmic rays has been created, the galaxy can
now be fitted by a 2-D model. I used the program Galfit to perform this step. Galfit
takes input parameters and fits a model to the galaxy by incrementally changing the
parameter values until a good fit is found (or until the number of iterations exceeds
100 without reaching a good fit). “Galfit determines the goodness of fit by calculating
χ2 and computing how to adjust the parameters for the next step. It continues to
iterate until the χ2 no longer decreases appreciably. The indicator of goodness of fit
is the normalized or reduced χ2 , χ2ν : ” (Peng, et al., 2002)
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Figure 4.9: NGC 5044 – F814W (HST): Original, Model, Residual

Aside from Galfit, there are other options to fit the galaxy with a 2D model. Python and AstroPy have the photutils package that can be used to fit
elliptical isophotes to a galaxy image. This has been performed in the figure below
(Fig. ). Both residual images, from different software, reveal a complex network of
dust within the central several kpc of the galaxy.
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Figure 4.10: NGC 5044 – F814W (HST): residual image after subtracting the model
image obtained with the elliptical fitting with AstroPy’s photutils package.
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CHAPTER 5

GENERAL RESULTS ON THE SAMPLE

5.1

APO Spectra

Spectral data were taken from the Apache Point Observatory (APO) using the
Dual Imaging Spectrograph (DIS) over the past decade. These images of 2D spectra
were made by using a code written by Dr. Thomas Connor. The horizontal axis of
the 2D spectra (upper right) depicts the observed wavelength, and the vertical axis
is the spatial axis over the length of the slit. The horizontal axis of the 1D spectra
(lower right) is the rest wavelength, corrected for redshift, while the vertical axis is
the normalized flux. The imaging data presented in these images were captured by
the Digital Sky Survey and retrieved with SAOImageDS9.

Most of the data taken from the APO were taken under non-photometric
skies; however there were a few nights that did yield photmetric data (see table ).
For these data, I performed standard flux calibration techniques using the standard
stars that were observed to create 1D spectra that, rather than being normalized as
in the 2D spectra graphics, are in the correct units of flux density (erg/cm2 /s/Å).
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5.1.1

2D Spectra

Figure 5.1: 3C88 – Data taken September 16, 2010
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Figure 5.2: IC1880 – Data taken January 24, 2015
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Figure 5.3: NGC 499 – Data taken January 24, 2015
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Figure 5.4: NGC 507 – Data taken January 24, 2015
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Figure 5.5: NGC 720 – Data taken January 24, 2015
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Figure 5.6: NGC 1521 – Data taken January 24, 2015
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Figure 5.7: NGC 3665 – Data taken January 24, 2015
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Figure 5.8: UGC 3957 – Data taken January 24, 2015
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Figure 5.9: UGC 5088 – Data taken January 24, 2015
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Figure 5.10: IC 5357 – Data taken January 12, 2016
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Figure 5.11: NGC 383 – Data taken January 12, 2016
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Figure 5.12: NGC 1060 – Data taken January 12, 2016
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Figure 5.13: NGC 2300 – Data taken January 12, 2016
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Figure 5.14: NGC 7385 – Data taken January 12, 2016
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Figure 5.15: NGC 7618 – Data taken January 12, 2016
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Figure 5.16: UGC 12491 – Data taken January 12, 2016
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Figure 5.17: NGC 5098 [NED 02 (East)] – Data taken June 6, 2017
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Figure 5.18: NGC 5098 [NED 01 (West)] – Data taken June 6, 2017
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Figure 5.19: NGC 5353 – Data taken June 6, 2017
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Figure 5.20: NGC 68 – Data taken August 28, 2017
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Figure 5.21: NGC 410 – Data taken August 28, 2017
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Figure 5.22: NGC 6251 – Data taken August 28, 2017
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Figure 5.23: NGC 6482 – Data taken August 28, 2017
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Figure 5.24: NGC 7052 – Data taken August 28, 2017
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Figure 5.25: NGC 741 – Data taken September 16, 2017

69

Figure 5.26: NGC 777 – Data taken September 16, 2017
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Figure 5.27: NGC 777 (Position angle = 90◦ ) – Data taken September 16, 2017
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Figure 5.28: MRK 1216 – Data taken on March 12, 2018
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Figure 5.29: NGC 3402 – Data taken on March 12, 2018
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Figure 5.30: NGC 3402 (minor axis) – Data taken on March 12, 2018
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Figure 5.31: NGC 3607 – Data taken on March 12, 2018
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Figure 5.32: NGC 3607 (minor axis) – Data taken on March 12, 2018
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Figure 5.33: NGC 3608 – Data taken on March 12, 2018
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Figure 5.34: NGC 3608 (minor axis) – Data taken on March 12, 2018
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Figure 5.35: NGC 953 – Data taken on October 3, 2018
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5.1.2

Flux Calibrated 1D Spectra

Figure 5.36: IC 5357 – Data taken on January 12, 2016

Figure 5.37: NGC 383 – Data taken on January 12, 2016
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Figure 5.38: NGC 2300 – Data taken on January 12, 2016

Figure 5.39: NGC 3607 – Data taken on March 12, 2018
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Figure 5.40: NGC 3607 (minor axis) – Data taken on March 12, 2018

Figure 5.41: NGC 3608 – Data taken on March 12, 2018
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Figure 5.42: NGC 3608 (minor axis) – Data taken on March 12, 2018

Figure 5.43: NGC 5098 [NED 02 (East)] – Data taken on June 16, 2017
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Figure 5.44: NGC 5098 [NED 01 (West)] – Data taken on June 16, 2017

Figure 5.45: NGC 5353 – Data taken on June 16, 2017

84

Figure 5.46: NGC 7385 – Data taken on January 12, 2016

Figure 5.47: NGC 7618 – Data taken on January 12, 2016

85

Figure 5.48: UGC 12491 – Data taken on January 12, 2016

5.2

Optical Imaging Data

I have shown some examples of high-EW systems in this Thesis. All imaging data
analysis is finished and the final imaging results have been delivered, which will be an
important component on this multi-wavelength project led by my advisor Dr. Sun.
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CHAPTER 6

CONCLUSIONS

I have analyzed the optical data including spectral and imaging data
from the APO, SOAR, and HST for ∼ 80 galaxies at the center of nearby galaxy
groups and clusters to explore the Hα emissions from optical emission-line nebulae
to study cooling, AGN feedback and energy transfer in their X-ray cool cores. All of
the galaxy groups and clusters have strong X-ray cool cores, but only about 15% of
them have an optical emission-line nebula with high equivalent width. This is a very
interesting fraction in the studies of X-ray cool cores. Understanding the reason for
this disparity is beyond the scope of this thesis and further study will be needed. Of
the high equivalent width systems, the main results are summarized as follows:

1. 3C 88 contains an optical emission-line nebula in the central region as well as
the outskirts of the galaxy. The nebula consists of warm, ionized gas that emit
Hα, [NII] and other lines. The warm gas can be used to trace the cold gas. Our
analysis suggests that there is an X-ray cool core with cooled gas around the
center. The thermal instabilities have allowed for precipitation of gas clouds
which fuel the chaotic cold accretion onto the SMBH and feed the AGN. The
87

AGN radio jets have interacted and swept away some of the ICM to create
X-ray cavities. The radio jets must have re-orientated over the last ∼ 10 Myr.
2. NGC 5044 is the brightest and closest optical emission-line nebula in our sample.
Observations have revealed regions of warm Hα-emitting filaments distributed
throughout the galaxy. These filaments are indicative of a cooling flow that
resulted in thermal instabilities and trace the cold gas as it cooled. The analysis
of the HST data also reveals a complex network of dust around the central
several kpc.
3. I have also discovered high-EW, extended optical emission-line nebulae in some
other galaxies, e.g., NGC 6861, NGC 4936 IC 1262, NGC 5353 and NGC 6482.
These galaxies will be followed by future in-depth studies.
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APPENDIX

Figure 6.1: Hubble’s classification of galaxies (Credit: NASA & ESA)
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Figure 6.2: An example of a SOAR image with a chip gap
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Table 6.1: APO imaging observations
Galaxy
3C66B
3C75
3C88
3C442A
3C465

IC1262

IC1867
IC1880
IC2476
NGC70
NGC507
NGC741
NGC777
NGC1132
NGC1550
NGC2563
NGC3651
NGC4073
NGC4104
NGC4261
NGC4325
NGC4552
NGC5129
NGC5982
NGC6051
NGC6338
NGC6482
NGC7556
NGC7720
RBS461
UGC408
UGC2755
UGC3957
UGC5088

Obs. Date
2011-01-03
2011-01-03
2009-12-16
2009-09-15
2009-09-14
2009-06-24
2009-09-14
2009-06-16
2016-10-01
2018-06-25
2018-06-25
2018-06-25
2010-09-09
2009-01-16
2011-05-07
2011-01-03
2010-09-09
2010-09-09

z
0.02126
0.02440
0.03022
0.02630
0.03022

2010-09-09
2009-12-17
2010-05-10
2010-05-10
2009-12-16
2010-05-10
2011-05-07
2010-02-05
2009-12-17
2010-02-05
2018-06-25

0.02313
0.01239
0.01494
0.02580
0.02000
0.02820
0.00738
0.02571
0.00113
0.02297
0.01006

2010-05-10
2009-09-15
2010-06-16
2010-09-09
2011-01-03
2011-01-03
2010-09-09
2010-09-09
2011-05-07
2009-12-16

0.03175
0.0273
0.01313
0.02504
0.03139
0.02900
0.01472
0.02444
0.03412
0.02693

0.03265

0.02573
0.03476
0.02692
0.02391
0.01646
0.01855

Exp (s)
1 × 240 / 1 × 400
1 × 240 / 1 × 400
2 × 540 / 2 × 900
2 × 600 / 2 × 1000
2 × 360 / 2 × 600
1 × 650 / 1 × 1000
2 × 700 / 2 × 1200
2 × 600 / 3 × 1200
2 × 700 / 6 × 900
3 × 270 / 3 × 480
3 × 360 / 5 × 600
3 × 360 / 3 × 600
1 × 450 / 1 × 750
2 × 500 / 3 × 900
1 × 500 / 1 × 900
1 × 240 / 1 × 400
2 × 360 / 2 × 600
1 × 450 / 1 × 750

Filters
656.3 / 672.5
656.3 / 672.5
665.0 / 766.0
665.0 / 672.5
665.0 / 677.0
665.0 / 677.0
665.0 / 677.0
665.0 / 677.0
665.0 / 677.0
665.0 / 677.0
665.0 / 677.0
665.0 / 677.0
657.0 / 673.6
665.0 / 677.6
661.0 / 673.6
656.3 / 672.5
657.0 / 665.0
657.0 / 672.5

Seeing(00 )
0.80 / 0.84
2.59 / 2.58
1.14 /1.07
0.82 / 0.69
0.92 / 0.71
0.90 / 0.93
1.16 / 1.08
1.68 /1.85
0.92 / 0.88
1.10 / 0.98
1.08 / 1.08
1.06 / 1.06

1 × 450 / 1 × 750
2 × 320 / 2 × 600
2 × 300 / 2 × 600
1 × 280 / 1 × 500
2 × 540 / 2 × 900
2 × 480 / 2 × 800
1 × 360 / 1 × 600
3 × 450 / 3 × 800
2 × 240 / 3 × 280
1 × 360 / 1 × 600
3 × 300 / 2 × 100
3 × 100
2 × 420 / 2 × 750
2 × 360 / 2 × 600
2 × 360 / 2 × 600
1 × 450 / 1 × 750
1 × 240 / 1 × 400
1 × 240 / 1 × 400
1 × 450 / 1 × 750
1 × 540 / 1 × 900
1 × 500 / 1 × 900
2 × 420 / 2 × 700

657.0 / 672.5
656.3 / 665.0
656.3 / 665.0
665.0 / 672.5
656.3 / 672.5
665.0 / 677.6
645.0 / 661.0
661.0 / 672.5
645.0 / 656.3
661.0 / 672.5
656.3 / 665.0
677.6
665.0 / 677.0
665.0 / 672.5
645.0 / 665.0
657.0 / 672.5
656.3 / 677.0
656.3 / 677.6
657.0 / 665.0
657.0 / 672.5
661.0 / 677.6
656.3 / 672.5

1.74 / 1.82
1.33 / 1.43
1.97 / 2.24
1.19 / 1.61
0.87 / 0.91
1.54 / 1.55
0.77 / 0.76
0.98 / 0.96
089 / 1.02
1.49 / 1.31
1.01 / 1.20
1.02
1.58 / 1.60
1.03 / 1.20
1.72 / 1.98

1.98 / 1.6
3.10 / 2.86
1.67 / 1.75
1.38 / 1.40

Phot
Y
Y
U
Y
U
N
Y
Y
U
N
N
N
U
Y
U
U
U
U

IFU

MUSE

MUSE

2.12 / 2.75
0.75 / 0.71
1.08 / 1.04
0.95 / 0.92
0.86 / 0.96

U
U
U
Y
U
U
U
U
U
U
U
Y
U
U
U
Y
U
U
U
U
U

MUSE

MUSE
MUSE

MUSE

Table 6.2: SOAR imaging observations
Galaxy
HCG62
IC1860
IC4296
IC4765
IC5267
NGC193
NGC533
NGC1291
NGC1316
NGC1404
NGC1407
NGC1553
NGC1600
NGC3091
NGC3608
NGC3923
NGC4073
NGC4261
NGC4374
NGC4782
NGC4936
NGC5129
NGC6861
NGC6876
NGC7385
NGC7626
NGC7796

Obs. Date
2015-03-22
2015-07-06
2015-10-21
2015-07-21
2015-07-06
2015-07-21
2014-10-22
2015-10-21
2015-10-21
2014-10-22
2014-12-19
2016-02-07
2016-02-07
2014-10-22
2016-02-07
2016-03-29
2016-03-29
2016-03-29
2016-03-29
2015-03-22
2015-03-22
2015-03-22
2015-06-13
2015-06-13
2015-07-06
2015-07-21
2015-07-21
2015-10-21
2015-07-21

z
0.01472
0.0229
0.01247
0.01503
0.00571
0.01472
0.01851
0.0028
0.00587
0.00649
0.00593
0.0036
0.01561
0.01322
0.00409
0.0058
0.01958
0.00738
0.00339
0.01544
0.0104
0.02297
0.00944
0.01338
0.02618
0.01136
0.01122

Exp (s)
3 × 420 / 3 × 420
3 × 600 / 3 × 600
3 × 500 / 3 × 500
3 × 600 / 3 × 600
3 × 600 / 3 × 600
3 × 480 / 3 × 480
3 × 900 / 3 × 900
3 × 600 / 3 × 600
3 × 360 / 3 × 360
3 × 480 / 3 × 480
3 × 480 / 3 × 480
3 × 420 / 3 × 420
3 × 300 / 3 × 300
3 × 600 / 3 × 600
3 × 360 / 3 × 360
3 × 480 / 4 × 480
3 × 480 / 3 × 480
3 × 480 / 3 × 480
3 × 480 / 3 × 480
3 × 420 / 3 × 420
3 × 420 / 3 × 420
3 × 420 / 3 × 420
3 × 600 / 3 × 600
3 × 480 / 3 × 480
3 × 600 / 3 × 600
3 × 480 / 3 × 480
2 × 480 / 2 × 600
3 × 600 / 3 × 600
1 × 480 / 2 × 480

Filters (Å)
6563 / 6649
6606 / 6693
6606 / 6737
6737 / 6649
6563 / 6649
6563 / 6649
6693 / 6606
6563 / 6649
6606 / 6693
6649 / 6737
6520 / 6606
6693 / 6606
6693 / 6606
6693 / 6606
6563 / 6649
6737 / 6649
6693 / 6606
6693 / 6606
6781 / 6693
6520 / 6606
6693 / 6563
6563 / 6649
6563 / 6649
6649 / 6737
6563 / 6649
6563 / 6649
6649 / 6737
6563 / 6649
6563 / 6649

Seeing(00 )
0.81 / 0.80
0.99 / 0.98
1.05 / 0.95
0.80 / 0.79
1.56 / 1.63
0.96 / 0.91
1.14 / 1.11
0.83 / 0.84
1.55 / 1.73
1.21 / 1.30
1.28 / 1.10
0.80 / 1.03
0.99 / 0.92
0.79 / 0.83
0.90 / 0.87
1.37 / 1.10
1.37 / 1.11
1.11 / 1.05
2.06 / 2.21
0.88 / 0.86
0.68 / 0.67
0.74 / 0.73
1.07 / 1.15
1.25 / 1.46
1.01 / 1.04
1.06 / 1.00
1.10 / 0.96
1.25 / 1.44
1.05 / 0.99

IFU

MUSE

MUSE

MUSE
MUSE
MUSE

MUSE

MUSE
MUSE
MUSE
MUSE
MUSE

Table 6.3: APO/DIS Spectral Observations
Galaxy
3C 88
IC 1880
IC 5357
MRK 1216
NGC 68
NGC 383
NGC 410
NGC 499
NGC 507
NGC 720
NGC 741
NGC 777
(minor)
NGC 953
NGC 1060
NGC 1521
NGC 2300
NGC 3402
(minor)
NGC 3607
(minor)
NGC 3608
(minor)
NGC 3665
NGC 5098
NGC 5353
NGC 6251
NGC 6482
NGC 7052
NGC 7385
NGC 7618
UGC 3957
UGC 5088
UGC 12491

Obs. Date
2010-09-16
2015-01-24
2016-01-12
2018-03-12
2017-08-28
2016-01-12
2017-08-28
2015-01-24
2015-01-24
2015-01-24
2017-09-16
2017-09-16

z
0.03022
0.03476
0.02312
0.02133
0.01913
0.01700
0.01766
0.01467
0.01646
0.00582
0.01855
0.01673

2018-10-03
2016-01-12
2015-01-24
2016-01-12
2018-03-12

0.01576
0.01731
0.01415
0.00635
0.01527

2018-03-12

0.00314

2018-03-12

0.00409

2015-01-24
2017-06-16
2017-06-16
2017-08-28
2017-08-28
2017-08-28
2016-01-12
2016-01-12
2015-01-24
2015-01-24
2016-01-12

0.00690
0.03789
0.00775
0.02471
0.01313
0.01558
0.02618
0.01731
0.03412
0.02693
0.01736

Exp (s)
2 × 900
3 × 600
2 × 480
2 × 480
2 × 480
2 × 480
2 × 500
2 × 600
2 × 600
2 × 600
4 × 600
1 × 600
2 × 600
2 × 360
3 × 480
2 × 600
4 × 480
2 × 450
1 × 420, 1 × 122
2 × 360
2 × 360
2 × 360
2 × 360
2 × 500
2 × 600
3 × 600
2 × 420
2 × 600
2 × 450
2 × 480
2 × 480
2 × 600
2 × 600
3 × 480

Grating
R1200
R300
R300
R1200
R1200
R300
R1200
R300
R300
R300
R1200
R1200

Photometric
N
N
Y
N
N
Y
N
N
N
N
N
N

R1200
R300
R300
R300
R1200

N
Y
N
Y
N

R1200

Y

R1200

Y

R300
R1200
R1200
R1200
R1200
R1200
R300
R300
R300
R300
R300

N
Y
Y
N
N
N
Y
Y
N
N
Y
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